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LIM family transcription factors
Conditional gene expressionIn the nervous system, transcription factor expression in progenitor and/or nascent neurons regulates cell
type speciﬁcation. Although the functions of these transcription factors at early stages are well established,
whether or not they are required during late developmental periods remains an open question. To address
this issue, we conditionally manipulated gene expression using a recently developed transposon-mediated
gene transfer system combined with in ovo electroporation. In chicken retinas, horizontal cells are classiﬁed
into three subtypes according to their characteristic neuronal morphology. Two LIM family transcription
factors, Lim1 and Isl1, begin to be expressed in a distinct subset of nascent retinal neurons, which results in
complementary expression of these genes in mature retinas in type I and type II/III horizontal cells,
respectively. Overexpression of Isl1 in post-migratory horizontal cells represses endogenous Lim1 expression
and increases the number of neurons with a dendritic morphology characteristic of type II horizontal cells,
which normally express Isl1. Inhibition of Lim1 function by expression of a dominant negative form Lim1
perturbs axonal morphogenesis of type I horizontal cells. Therefore, we propose that LIM family transcription
factors are required for subtype-speciﬁc morphogenesis of horizontal cells at later stages of retinal
development.
© 2009 Elsevier Inc. All rights reserved.Introduction
The vertebrate neural retina is composed of six types of neurons
(ganglion, amacrine, bipolar, horizontal, cone photoreceptor, and rod
photoreceptor cells) and one type of glia (Müller cells), where the
cell fate speciﬁcation of each cell type is regulated by the unique
combination of transcription factors that are expressed in the
progenitor cells. These cell fate-specifying transcription factors
include basic helix-loop-helix transcription factors (e.g., Math5,
NeuroD, Mash1, Math3, and Ptf1), homeodomain transcription
factors (e.g., Pax6, Six3, Crx, Otx2, Chx10, Rx1/Rax, Prox1, and
Barhl2), and a forkhead family transcription factor, Foxn4 (reviewed
in Livesey and Cepko, 2001; Ohsawa and Kageyama, 2008). In
addition to determination of one of the six retinal cell types, these
transcription factors are also implicated in the control of subtype
speciﬁcation within a particular cell type. This subtype speciﬁcation
has been predominantly studied in amacrine cells, which are a
collection of more than 20 cell subtypes that are characterized by
their neuronal morphology as well as their neurotransmitter expres-
sion proﬁle (MacNeil and Masland, 1998). For example, a differential
dose of Rx1/Rax and Pax6 at an early eye ﬁeld stage changes the
ratio of amacrine cell subtypes that express different neurotrans-l rights reserved.mitters (Zaghloul and Moody, 2007). Ptf1a is required, not only for
horizontal cell differentiation, but also for the subtype speciﬁcation
of GABAergic amacrine cells (Nakhai et al., 2007; Dullin et al., 2007).
On the other hand, Barhl2 blocks bipolar and Müller cell
differentiation and regulates differentiation of glycinergic amacrine
cells, while it has no effect on GABAergic amacrine cells (Mo et al.,
2004).
As for the timing of cell type and subtype speciﬁcation, it is
well accepted that expression of these transcription factors in
progenitor cells at early stages is crucial for their function
(reviewed in Livesey and Cepko, 2001; Ohsawa and Kageyama,
2008). However, certain above-mentioned transcription factors are
continuously expressed in post-migratory neurons settled in
speciﬁc retinal layers, raising the possibility that they control the
maintenance of cell identity and regulate late morphogenetic
processes, such as dendrite formation and synaptogenesis. This
possibility has not been tested extensively because conditional
manipulation of gene expression is technically complicated at later
stages. Takahashi and colleagues developed a novel transposon-
mediated gene transfer system that enables conditional and cell
type-speciﬁc gene expression in chicken retinas (Sato et al., 2007;
Tanabe et al., 2006; Watanabe et al., 2007). Using this technique,
we previously conﬁrmed a classical observation that chicken
retinas contain three subtypes of horizontal cells that can be
distinguished by their characteristic dendritic morphology (Genis-
319A. Suga et al. / Developmental Biology 330 (2009) 318–328Galvez et al., 1979). Therefore, we aimed to elucidate the function
of transcription factors during later developmental stages using
chicken horizontal cells as a model experimental system, focusing
on subtype speciﬁcation of this particular neuronal cell type.
Earlier studies have identiﬁed a series of transcription factors that
are expressed in a subpopulation of horizontal cells. Notably, two
of the Lim family transcription factors, Lim1/Lhx and Islet1 (Isl1),
are expressed in a distinct subset of the horizontal cells (Boije et
al., 2008; Fischer et al., 2007; Edqvist and Hallbook, 2004). Since
LIM family transcription factors establish subtype identity of the
motor neurons in the spinal cord (Pfaff et al., 1996; Shirasaki and
Pfaff, 2002; Thaler et al., 2002; Tsuchida et al., 1994), these trans-
cription factors are strong candidates for regulators of horizontal
cell subtype speciﬁcation.
In this study, we initially examined the morphology of Lim1-
and Isl1-expressing horizontal cells using our transposon-mediated
cell labeling method. We found that these proteins were expressed
in morphologically characterized type I and type II/III horizontal
cells, respectively. Overexpression of Isl1 at embryonic day 9 (E9),
when retinal layer formation is almost complete, repressed
endogenous Lim1 expression and increased the number of type II
horizontal cells at the expense of type I cells. On the other hand,
functional blocking of Lim1 by expression of dominant negativeFig. 1. Lim1 and Isl1 are expressed in distinct subsets of retinal horizontal cells. Expression pa
cells were in the neuronal epithelium (arrowheads). A small number of Lim1-positive cel
subpopulation of migrating horizontal cells. (E–G) Lim1-positive horizontal cells were locate
Lim1-positive and Isl1-positive horizontal cells formed a single horizontal cell layer (brackeLim1 impaired axonal morphogenesis of type I horizontal cells in a
subtype-speciﬁc manner, whereas subtype speciﬁcation itself was
not affected. Thus, we propose that Lim1 and Isl1 are required for
the subtype-speciﬁc morphogenesis of post-migratory retinal
horizontal cells at late developmental stages.
Materials and methods
Plasmid construction
The construction of pT2K-CAGGS, pT2K-rtTA-M2, pT2K-BI-
mEGFP, and pT2K-BI-mEGFP-myc were described previously
(Tanabe et al., 2006). Vectors for stable gene expression and
vectors for Lim1 and Isl1 expression were made as follows.
For the construction of pT2K-TetOff, the tTA region (Urlinger
et al., 2000) was inserted into the pT2K-CAGGS vector (generated
by Koji Tanabe, RIKEN, CDB). For the construction of pT2K-BI-
mEGFP-Lim1, the coding sequence of the full-length chicken lim1
(a kind gift from Dr. T. M. Jessell), without the stop codon, was
ampliﬁed using PCR and inserted into the multiple cloning site of
pT2K-BI-mEGFP-myc. For the construction of pT2K-BI-mEGFP-Isl1,
the coding sequence of the full-length mouse Isl1 (RIKEN RRC)
was ampliﬁed by PCR and inserted into the multiple cloning site oftterns of Lim1 and Isl1 in the chicken retina during development. (A–A′′) Lim1-positive
ls weakly expressed Isl1 (arrow). (B–D) Lim1 and Isl1 were expressed in the distinct
d outer to the Isl1-positive horizontal cells in the horizontal layer (bracket) at E9. (H–J)
t) at E16. Scale bars: 20 μm.
320 A. Suga et al. / Developmental Biology 330 (2009) 318–328pCS2+myc. Then, myc-Isl1 was excised from pCS2+myc-Isl1 and
inserted into the multiple cloning site of pT2K-BI-mEGFP. For the
construction of pT2K-BI-mEGFP-dnLim1, a myc-tagged dominant
negative Lim1 construct was cleaved from the pCS2 lim1 mouseFig. 2. Lim1 and Isl1 are expressed in different subtypes of embryonic retinal horizontal cell
stained for mEGFP and Lim1 (A–C′, G–I′) or Isl1 (D–F′, J–L′). Lim1 is expressed in the axon-be
III horizontal cells (E, F, K, L). Projection images of mEGFP expression are on the top, and sing
in A, D, G, J indicate axons. Scale bars: 10 μm.en1plasmid (a kind gift from Dr. A. Kania) at the BamHI and SnaBI
sites and inserted into pT2K-BI-mEGFP. For the construction of
pT2K-BI-mEGFP-daLim1, a VP16-fused mouse Lim1 construct (a
kind gift from Dr. A. Kania) was inserted into pT2K-BI-mEGFP. Fors. Confocal images of the subtypes of horizontal cells at E13 (A–F′) and E16–E17 (G–L′)
aring type I horizontal cells (A, G) and Isl1 is expressed in the axon-less type II and type
le optical sections at the level of the nucleus are shown in the lower panels. Arrowheads
321A. Suga et al. / Developmental Biology 330 (2009) 318–328the construction of pT2K-BI-mEGFP-EnR-Prox1, the coding
sequence of the mouse Prox1 was ampliﬁed by PCR and inserted
into the multiple cloning site of pCS2 myc-EnR (constructed by M.
Uemura, RIKEN, CDB). Then, myc-EnR-Prox1 was excised from
pCS2 myc-EnR-Prox1 and inserted into the multiple cloning site of
pT2K-BI-mEGFP.
In ovo electroporation
In ovo electroporation was performed as previously described
(Tanabe et al., 2006) with minor modiﬁcations. For the
induction of conditional expression, we injected doxycycline
(0.25 mg/ml in HBSS) into the yolk sac of each embryo every
48 h from E8 to E14 (200 μl per embryo at E8 and 400 μl at
E10 and later).
Tissue preparation and immunohistochemistry
Preparation of the retinas was performed as previously described
(Tanabe et al., 2006). Brieﬂy, each retina was dissected and ﬁxed for
1 h at room temperature with 4% paraformaldehyde in saline
buffered with HEPES (10 mM, pH=7.4). The samples were washed
three times with TBS. For whole-mount immunostaining, the
pigment epithelium was removed, and the retinal fragments were
dissected from the central part of the retina. The explants were
incubated for 30 min in a blocking solution containing 5% fetal calf
serum in TBS-Ca (TBS containing 1 mM CaCl2) supplemented with
0.5% Triton-X100 and 0.04% sodium azide. The explants were
incubated for three days at 4 °C with primary antibodies diluted in
the blocking solution, washed three times with TBS-Ca supplemen-
ted with 0.5% Triton-X100 (TBST-Ca), and incubated for one day at
4 °C with secondary antibodies. For section immunostaining, the
retinas from E6 embryos were ﬁxed for 3 h at 4 °C. The ﬁxed retinas
were cryoprotected and sectioned at 16 mm using a cryostat. The
sections were mounted on the slide-glass and immunostained. To
study the horizontal cell proliferation, 200 μl of 2.5 mM BrdU was
injected into the yolk sac of each embryo at E10. The following
antibodies were used: rat monoclonal anti-GFP (1:1000, GF090R,
Nakaraitesque), mouse monoclonal anti-myc (1 mg/ml, 9E10,
Developmental Studies Hybridoma Bank (DSHB)), rabbit anti-myc
(1:500, Sigma C3956), mouse anti-Lim1/2 (1:10, 4F2, DSHB), mouse
anti-Isl1 (1:10, 40.2D6, DSHB), rabbit anti-Prox1 (1:500, AB5475,
Chemicon), rabbit anti-Calretinin (1:1000, 7699/4, Swant), rabbit
anti-TrkA (1:1000, a kind gift from Dr. F. Lefcort), rabbit anti-GluR4
(1 mg/ml, AB1508, Chemicon), mouse anti-BrdU (clone BU33,
SIGMA), Alexa 488-conjugated anti-rat IgG (0.5 mg/ml, Invitrogen),
Alexa 488-conjugated anti-rabbit IgG (0.5 mg/ml, Invitrogen), Cy3-
conjugated anti-mouse IgG (0.5 mg/ml, Chemicon), and Alexa 647-
conjugated anti-rabbit IgG (0.5 mg/ml, Invitrogen). For double
staining of Lim1 and Isl1, Cy2-conjugated anti-mouse IgG1 (1:300,
Jackson ImmunoResearch) and Alexa 555-conjugated anti-mouse
IgG2b (1:300, Molecular Probes) were used as secondary antibodies
to anti-Lim1/2 and mouse anti-Isl1/2 (1:10, 39.4D5, DSHB), respec-
tively. Because Isl2 was not expressed in the inner nuclear layer at
E6 and later, Isl1/2-immunoreactive cells in the inner nuclear layer
were considered to be Isl1-positive cells.
Image capture and statistical analysis
The retinal explants were mounted scleral side up in FluorSave
(Calbiochem) on glass slides. Confocal images were obtained using a
Zeiss LSM 510. Cell counts were performed in the central regions of
the retinas from at least two animals. Sections were obtained from
at least two animals. Axons were measured in micrometers from
their contact with the soma to the center of the terminal arbors by
tracing them through stacked images using IMARIS. Calculation ofthe dendritic ﬁeld size and axon terminal area was performed as
previously described (Tanabe et al., 2006), except that the threshold
was automatically set for each image using Image J software.
Luciferase assay
Luciferase assays were performed as previously described
(Nishioka et al., 2005) with minor modiﬁcations. Brieﬂy, P19
embryonic carcinoma cells were transfected with 0.4 μg of
−492gsc/Luc (Mochizuki et al., 2000), 0.5 μg of effector plasmid
using FuGene HD (Roche). 0.04 μg of pRL-SV40 (TOYO INK) was used
as internal control. pCS2 Xlim1, pCSf107 Xldb1, pCS2 lim1 mouse en1
were used as effectors. For the construction of pCSf107 Xldb1, full-
length of Xldb1was inserted into the multi cloning site of pCSf107mT
(constructed by Y. Mii, Tokyo University). The amount of effector
plasmid used was adjusted to 0.4 μg by the addition of pCSf107mT.
Results and discussion
Lim1 and Isl1 are respectively expressed in type I and type II/III
horizontal cells
To study the roles of the LIM family transcription factors in the
subtype speciﬁcation of horizontal cells, we initially examined the
precise expression pattern of Lim1 and Isl1 during chicken retinal
development. Considering the gradient of differentiation along the
centro-peripheral axis of the optic cup (Prada et al., 1991), we
focused particularly on the central region of the neural retina. As
previously reported (Edqvist et al., 2006, 2008), expression of Lim1
and Isl1 was detected by embryonic day 3.5 (E3.5) (Figs. 1A–A″).
Lim1 was expressed in a small population of cells with elliptical
somata in the intermediate zone of the neuronal epithelium (Figs. 1A,
A′, arrow and arrowheads). On the other hand, Isl1 was expressed in
cells aligned along the vitreal side, which were assumed to be
ganglion cells based upon their globular somata as well as their
position (Figs. 1A, A″). The expression of Lim1 and Isl1 did not
overlap in most cases, although faint expression of Isl1 was
occasionally observed in Lim1-expressing cells (18.6%±3.4%,
n=91) (Fig. 1A″, arrow). At E6, when a majority of the horizontal
cells become post-mitotic (Belecky-Adams et al., 1996; Prada et al.,
1991), Lim1 and Isl1 were expressed in a distinct population of
migrating horizontal cells that expressed the pan-horizontal cell
marker, Prox1 (Dyer et al., 2003; Fischer et al., 2007), but the
expression of the two genes did not overlap (n=50 for Lim1-positive
cells, n=46 for Isl1-positive cells, Figs. 1B–D). Isl1 expression was
also detected in cell types other than horizontal cells in the ganglion
cell layer, but these cells were distinguished from the migrating
horizontal cells by their position as well as the lack of Prox1
expression (Fig. 1B).
Lim1-, Prox1-double-positive horizontal cells were preferen-
tially found along the outer side of the neuroepithelium (76%,
n=103, s.d.=10%), whereas Isl1-, Prox1-double-positive cells
were mainly located along the vitreal side (90%, n=82, s.d.=10%)
(Fig. 1B). The differential distribution of Lim1- and Isl1-positive
horizontal cells was also evident at E9, at which time they occupied
the outer and inner sublayer of the horizontal cell layer, respectively
(Figs. 1E, E′). At E16, when basic neural connections of horizontal
cells are established (Hughes and LaVelle, 1974), Prox1-positive
horizontal cells constituted a single cell layer at the outer edge of
the inner nuclear layer (Figs. 1H, I, J). Lim1 and Isl1 were expressed
in a distinct subset of Prox1-expressing horizontal cells at this stage
(Fig. 1H′), which is similar to the expression pattern observed in the
earlier stages.
In the chicken retina, horizontal cells are categorized into three
subtypes with characteristic dendritic morphologies (Genis-Galvez et
al., 1979). We have previously reported that these undergo subtype-
322 A. Suga et al. / Developmental Biology 330 (2009) 318–328speciﬁc morphological changes from E9, and that basic dendritic
morphogenesis is complete at E16 (Tanabe et al., 2006). To investigate
the precise subtype of Lim1- and Isl1-expressing horizontal cells, welabeled the cells with membrane-bound EGFP (mEGFP) using the
Tol2-mediated conditional gene expression system (Sato et al., 2007;
Watanabe et al., 2007), and performed whole-mount double-
Fig. 4. Isl1 repressed endogenous Lim1 expression. (A) Expression pattern of horizontal cell markers at E16. Type I and type II cells are distinguished by their expression of
Lim1, and type II and type III cells are distinguished by their expression of TrkA. (B, C) Section of control (B) and Isl1-induced (C) retina showing mEGFP-labeled horizontal
cells (green) that simultaneously express control myc or exogenous myc-tagged Isl1 (blue). Endogenous Prox1 expression is maintained in both horizontal cells (magenta).
Scale bar: 20 μm. (D) Ratio of Lim1-positive cells among the GFP-positive horizontal cells was signiﬁcantly decreased in Isl1-induced retinas. Error bars indicate standard
errors. (E–I) Confocal images of Isl1-induced horizontal cells immunostained with type I marker, Lim1 (E, F, H; magenta), or type III marker, TrkA (G, I; magenta). Type II
horizontal cells did not express Lim1 or TrkA. Projection image of the mEGFP signal is on the top and single optical sections at the soma (arrows) are shown in the lower
panels. Scale bar: 10 μm.
323A. Suga et al. / Developmental Biology 330 (2009) 318–328immunostaining with antibodies against Lim1 and Isl1. With this
system, the exogenous gene is expressed in a cell type-speciﬁc
manner, mainly in horizontal cells and Müller cells in the chicken
retina (Tanabe et al., 2006). At E13, two subtypes of horizontal cells
become distinguishable by the presence or absence of axonal
processes (Tanabe et al., 2006). Lim1 was expressed in the soma of
presumptive type I horizontal cells, which possessed long axon-like
processes (Figs. 2A, A′), but not in the axon-less presumptive type II/Fig. 3. Exogenous Isl1 increased the ratio of type II horizontal cells. (A) Schematic drawing of t
Isl1-, dominant-active Lim1 (daLim1), and dominant negative Lim1 (dnLim1) -expressing co
is induced by the addition of doxycycline (DOX). (B–K)Morphology of the horizontal cells exp
at E16. Projection images at the horizontal plane and optical vertical sections are shown in the
cell and a deformed type I horizontal cell are shown in the inset. Normal type I dendritic term
cell dendrites contain bulge-like terminals (arrows) Scale bar: 10 μm. (L) The ratios of the th
side. The proportion of the type II horizontal cell to other cell types was increased in Isl1-
expressing the exogenous genes. Note that the overexpression of indicated constructs did n
Retinal sections from control, Lim1, Isl1, and dnLim1-induced embryos at E11 were stained
labeled with BrdU. Scale bar: 20 μm. Inset in the control panel is peripheral region of the reIII horizontal cells (Figs. 2B–C′) that instead expressed Isl1 (Figs. 2E–F
′). At E16, the three subtypes of horizontal cells were clearly identiﬁed
by their dendritic morphology (Figs. 2G–L; Tanabe et al., 2006). The
subtype-speciﬁc expression of Lim1 and Isl1 was also evident at this
stage; type I horizontal cells expressed Lim1 (Figs. 2G–I) and type II
and type III horizontal cells expressed Isl1 (Figs. 2J–L, 4A). All of the
horizontal cells labeled with mEGFP expressed either of the two
transcription factors at all of the stages tested (Fig. 2).he Tol2-mediated bi-directional gene expression system and domain structure of Lim1-,
nstructs. Experimental schedule is shown on the right side. Exogenous gene expression
ressing control myc (B–D), Lim1 (E–G), and Isl1 (H–K), visualized bymEGFP expression
upper and lower panels, respectively. (B, E, H) Dendritic terminals of a type I horizontal
inals have a horseshoe-like morphology (dotted line, B, E). (D, G, K) Type III horizontal
ree subtypes and unclassiﬁed cells. Exogenously induced genes are indicated on the left
induced retinas. n: number of cells. (M) Incorporation of BrdU in the horizontal cells
ot affect the horizontal cell proliferation. Experimental design is shown in the upside.
for GFP (green) and BrdU (magenta). GFP-labeled horizontal cells (arrows) were not
tina. Neural retina was indicated by dotted lines. Scale bar: 50 μm.
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325A. Suga et al. / Developmental Biology 330 (2009) 318–328Ectopic Isl1 expression at a post-migratory stage increased the number
of type II horizontal cells
The subtype-speciﬁc expression of Lim1 and Isl1 in the migrating
horizontal cells suggested that they regulate subtype speciﬁcation at
early stages, as is the case in motor neurons in the spinal cord
(reviewed in Shirasaki and Pfaff, 2002). We were especially interested
in determiningwhether these transcription factors play essential roles
in themaintenance of subtype speciﬁcity to complete subtype-speciﬁc
morphogenesis, since they are continuously expressed in post-
migratory horizontal cells (Figs. 1E, H). To test this possibility, we
electroporated E1.5 retinas with plasmids that drive expression of
Myc-tagged full-length Lim1/Isl1 and mEGFP under the control of a
tetracycline-responsive element (Fig. 3A, Sato et al., 2007; Tanabe et
al., 2006;Watanabe et al., 2007).We subsequently induced exogenous
expression from E9, when most of the horizontal cells are positioned
into the horizontal layer (Edqvist and Hallbook, 2004; Prada et al.,
1991), and examined the ratio of each of the horizontal cell subtypes
at E16/17; the subtypes were distinguished by their morphology as
revealed by observation of the co-expressed mEGFP signals (Figs. 3B–
K). Overexpression of Lim1 did not signiﬁcantly affect the ratio of each
horizontal cell subtype and the morphology of these cells was similar
to that of the control cells that expressed the myc tag alone (Figs. 3B–
G, L). On the other hand, overexpression of Isl1 dramatically decreased
the ratio of cells with a type I morphology, which normally express
Lim1, but not Isl1 (44% in control and 4% in Isl1-expressing retinas,
Pb0.00000001; Fig. 3L). Instead, the ratio of cells with type II
morphology increased by more than two fold (15% in control and 49%
in Isl1-expressing retinas, Pb0.00001; Fig. 3L). In addition, Isl1
overexpression induced two cases of unclassiﬁed horizontal cells
with abnormal morphology. The dendritic terminals of type I cells
project to the principal cone, and form horseshoe-like structures
surrounding the accessory cone in the double cone pedicles (Tanabe et
al., 2006). 13% of the unclassiﬁed cells harbored long axons similar to
the type I cells, however, their dendritic terminals did not form the
horseshoe-like structures (inset in Fig. 3H). In the other case, 87% of
the unclassiﬁed cells possessed highly branched dendrites projecting
to the inner portion of the outer plexiform layer, similar to the type II
cells, but their dendritic ﬁeld was much smaller compared to the
normal type II cells (Fig. 3I). The ratio of type III cells was not changed
signiﬁcantly by Isl1 overexpression (P=0.33, Fig. 3L).
It has recently been shown that inhibition of multiple Rb family
transcription factors results in proliferation of horizontal cells while
maintaining their differentiation state (Ajioka et al., 2007). To
study if cell cycle progression was affected in our experimental
system, we injected BrdU at E9 and examined its incorporation at
E11. While late-born cell types such as bipolar and Müller cells
were positive for the BrdU signal, horizontal cells expressing
various constructs did not incorporate the nucleic acid analog
(Fig. 3M), suggesting that they remained post-mitotic after the
exogenous gene introduction.
Exogenous Isl1 changed the cell fate of Lim1-expressing type I cells into
type II cells
The aforementioned observation suggested that Isl1 overexpres-
sion changes the cell fate from Lim1-expressing type I cells to Isl1-
expressing type II cells. Alternatively, Isl1 expression may stimulateFig. 5. Exogenous Isl1 expression affected the dendritic targeting of type I horizontal cells. (A
of three types of horizontal cells double-stained with EGFP (green) and PNAL (magenta) fro
optical sections at the level of the double cone pedicles, double-stained for mEGFP (green) an
to the PNAL-positive sublamina (A, arrows) and targeted to the principal- and accessory-c
induced type I-like horizontal cells did not converge into PNAL-positive cone pedicles (blue a
the PNAL-positive sublamina in the Isl1-induced retinas (blue arrows). (E, F, K, L) Dendritic
and Isl1-induced retinas (arrows).a program that controls type II-speciﬁc dendrite morphology while
not affecting the type I cell fate itself. To evaluate these two
possibilities, we examined the expression of subtype-speciﬁc
markers in the cells expressing exogenous myc-tagged Isl1. The
myc-positive cells in the horizontal cell layer expressed the pan-
horizontal cell marker, Prox1, suggesting that they did not change
the global fate of the horizontal cells (Figs. 4B, C). We then
examined expression of Lim1 and TrkA, whose expression
distinguishes between the three subtypes of horizontal cells; i.e.,
type I cells express Lim1, type II cells express neither of the
markers, and type III cells express TrkA (Fig. 4A). In the control
retinas, 45.6% of the myc-positive cells expressed Lim1 (n=169, s.
d.=9.0%), whereas only 3.6% of the myc-positive cells expressed
Lim1 upon Isl1-myc overexpression (n=201, s.d.=6.6%) (Fig. 4D).
This result suggests that Isl1 overexpression downregulates Lim1
expression, changing the cell fate itself. Notably, unclassiﬁed cells
that possessed axons, but failed to form type I-speciﬁc dendrite
terminals, still expressed endogenous Lim1 (Fig. 4E, arrow),
suggesting that these cells assumed the intermediate cell fate of
type I and type II cells due to simultaneous expression of
endogenous Lim1 and exogenous Isl1. On the other hand, the
cells with a type II morphology showed the normal combination of
marker expression (Figs. 4F, G, arrows). These observations support
the hypothesis that cell fate itself is changed by Isl1 overexpres-
sion, although we could not distinguish endogenous type II cells
from fate-changed type II cells. The ectopic expression of Isl1 also
occurred in Müller cells, but it had no effect on this cell type (data
not shown).
Isl1 perturbed dendritic targeting of type I horizontal cells
To further investigate the precise projection pattern of the Isl1-
overexpressed horizontal cell dendrites, we simultaneously visua-
lized dendrite morphology and expression of ligand of peanut
agglutinin (PNAL), which is expressed in the terminals of the
double cones that receive dendritic input from type I and type III
horizontal cells (Tanabe et al., 2006).
At E16, dendritic terminals of type I horizontal cells projected to
the PNAL-positive sublamina of the outer plexiform layer (Fig. 5A,
arrows), which resulted in formation of a horseshoe-like terminal
organization surrounding the accessory cone pedicles (Morris and
Shorey, 1967) that strongly express PNAL (Fig. 5B). In the Isl1-
expressing retinas, however, the type I-like unclassiﬁed horizontal
cells did not send dendritic terminals to the PNAL-positive sub-
lamina (Fig. 5G). In a few cases, tips of dendrites were detected,
but they did not project to the PNAL-positive double cone pedicles
(Fig. 5H, blue arrows), a normal target of type I horizontal cells.
These results suggest that Isl1 overexpression perturbs the dendrite
projection of type I horizontal cells expressing Lim1.
The dendritic terminals of type II cells target the vitreal side of
the outer plexiform layer, which is negative for PNAL expression
(Fig. 5C, Tanabe et al., 2006). Similarly, a majority of the morpholo-
gically identiﬁed type II horizontal cells targeted the PNAL-negative
sublamina of the outer plexiform layer in the Isl1-expressing retinas,
which suggests that Isl1-induced type II cells could also target their
dendrite terminals to the correct position upon changing of the cell
fate, although we could not discriminate the endogenous type II
cells from the subtype-changed type II cells. A small number of, C, E, G, I, K) Projection images (upper panel) and optical vertical sections (lower panel)
m control (A, C, E) and exogenous Isl1-induced (G, I, K) retinas. (B, D, F, H, J, L) Single
d PNAL (magenta). (A, B) Dendritic terminals of control type I horizontal cells projected
one pedicles (B, arrowheads and arrows, respectively). (H) Dendritic terminals of Isl-
rrows). (J) A small number of type II horizontal cell dendritic terminals were detected in
terminals of type III horizontal cells targeted into the accessory cone pedicles in control
326 A. Suga et al. / Developmental Biology 330 (2009) 318–328dendritic terminals were occasionally found in the PNAL-positive
sublamina (Fig. 5I, arrow); however, they did not target the PNAL-
positive double cone pedicles (Fig. 5J, blue arrow).Fig. 6. Lim1 is required for the correct elongation and arborization of type I cell axons. (A) S
using the goosecoid promoter. dnLim1 inhibited activation of the reporter gene expression i
Projection images (upper panel) and optical vertical sections (lower panel) of three types of
expression at E17. The basic morphologies of the three subtypes were not distinguishable bet
of axonal length and Linearity index (distance/length) of the control, dnLim1, and EnR-Prox
dnLim1-induced horizontal cells. dnLim1-expressing type I horizontal cells send longer, lin
examined cells.The stratiﬁcation of type III cells was fairly normal in the exo-
genous Isl1-positive retina. The dendritic terminals projected into
the correct sublamina and targeted to the accessory cone pedicleschematic drawing of dnLim1 and EnR-Prox1 expression constructs. (B) Luciferase assay
nduced by Lim1. Error bars indicate standard deviation of duplicate experiments. (C–H)
horizontal cells expressing myc (control, C–E) and dnLim1 (F–H) visualized by mEGFP
ween control and dnLim1-induced horizontal cells. Scale bars: 10 μm. (I) Quantiﬁcation
1 induced type I horizontal cells. (J) Dendritic ﬁeld size of the control, EnR-Prox1, and
ear axons. ⁎Pb0.005, n.s. PN0.3; the numbers inside the bars represent the number of
Fig. 7. Summary diagram of this study. In the chicken retina, there are three types of
horizontal cells that can be distinguished by dendritic morphology. Two of the Lim-
homeodomain type transcription factors, Lim1 and Isl1, are expressed in type I and type
II/III horizontal cells, respectively. Overexpression of Isl1 in type I cells induces subtype
change into type II cells, whereas blocking of Lim1 function by a dominant negative
molecules induces morphological changes. See text for details.
327A. Suga et al. / Developmental Biology 330 (2009) 318–328with strong PNAL signals (Figs. 5E, K, L). These results are consistent
with the observation that Isl1-overexpression does not change the
ratio of cells that possess a dendrite morphology characteristic of
the type III horizontal cells (Fig. 3K).
Inhibition of Lim1 function perturbed correct axonal morphogenesis
in type I horizontal cells
Finally, we attempted to block the function of Isl1 and Lim1 by
overexpressing dominant negative forms of these proteins from E9.
Because the dominant negative forms of Isl1 that we generated
perturbed dendritic morphogenesis of type I cells that did not
normally express Isl1 (data not shown), we speculated that this
dominant negative Isl1 non-speciﬁcally inhibited other LIM family
transcription factors. We therefore concentrated on the experi-
ments that employed a dominant negative form of Lim1, which
possess engrailed repressor domain (EnR) at its N′ terminal
(dnLim1; Fig. 6A). This dominant negative molecule inhibited tran-
sactivation of the goosecoid promoter by Lim1 (Mochizuki et al.,
2000; Fig. 6B), and speciﬁcally affected morphogenesis of type I
cells (see below). Since EnR itself potentially disturb normal gene
expression in a non-speciﬁc manner, we used Prox1 fused with
EnR, the fusion protein which is assumed to function in the same
way as full-length Prox1 since Prox1 is a transcriptional repressor
uniformly expressed in the horizontal cells.
The molecular characteristics of the three subtypes of horizontal
cells were maintained in the cells expressing the dnLim1, which was
conﬁrmed by Calretinin expression in type I cells (Fischer et al.,
2007; Rompani and Cepko, 2008), Isl1 expression in type II/III cells,
and TrkA expression in type III cells (data not shown). These results
suggest that Lim1 is not required for the expression of these
subtype-speciﬁc markers. However, type I horizontal cells expres-
sing dnLim1 possessed longer axons than the control cells at E16–
E17 (60.7 μm in control cells and 68.7 μm in dnLim1-expressing
cells, Pb0.01) (Fig. 6F). In addition, the axons of dnLim1-expressing
type I cells were rather straight unlike the tortuous axons of the
control type I cells (Fig. 6F). For statistical analysis, we compared an
index in which the distance from the cell body to the center of the
axonal arbor was divided by the total length of the axons. The type I
cells expressing dnLim1 had a higher index (median=0.71, n=51)
than the control cells (median=0.54, n=41) (Fig. 6I). In addition,
the size of the terminal arbors was smaller in dnLim1-expressing
type I cells (66.84 μm2 for dnLim1-expressing cells and 114.87 μm2
for control cells, Pb0.005) (Fig. 6J). These effects on morphology of
type III cells were not observed when EnR-Prox1 was overexpressed
(Figs. 6I, J). The effect of dnLim1 was speciﬁc to the length of the
axon and the size of the terminal arbors; the size of the dendritic
ﬁeld was not signiﬁcantly affected (131.1 μm2 for dnLim1-expressing
cells and 119.6 μm2 for control cells, PN0.3). Furthermore, the size
of the dendritic ﬁeld was not affected in type II cells (293.8 μm2 for
dnLim1-expressing type II cells and 281.3 μm2 for control cells,
PN0.7) or in type III cells (control: 84.7 μm2 for dnLim1-expressing
type III cells and 78.1 μm2 for control cells, PN0.72). The mor-
phology of the type I cells was not affected by the overexpression of
EnR-Prox1 (Figs. 6I, J).
Functional implications of Lim1 and Isl1 at late developmental stages
during horizontal cell development
Subtype-speciﬁc expression of Lim1 and Isl1 and its functional
signiﬁcance have been well studied in motor neurons in the lateral
motor column of the spinal cord (Pfaff et al., 1996; Shirasaki and
Pfaff, 2002; Thaler et al., 2002; Tsuchida et al., 1994). Overexpression
of Isl1 or Lim1 in nascent motor neurons suppresses mutual
expression and establishes their subtype identity and subsequent
target selections. Our ﬁndings support these previous ﬁndings andindicate that continuous expression of these transcription factors is
required for the maintenance of subtype identity and dendritic
morphogenesis of retinal horizontal cells at late developmental
periods (Fig. 7). There is a slight difference in the time course of
subtype-speciﬁc expression of these transcription factors in the
retina and the spinal cord. In the retina, complementary expression
of Lim1 and Isl1 was observed in early stages before and during
horizontal cell migration. On the other hand, Isl1 is initially
expressed in all motor neuron precursors, which is replaced with
Lim1 in neurons that migrate into the lateral motor column. Subtype
speciﬁcation by LIM family transcription factors may thus be
regulated using similar, but distinct mechanisms that are dependent
on different regions of the nervous system. It should be noted that
the function of Isl1 and Lim1 in the retina has been extensively
studied in the mouse using knockout techniques (Elshatory et al.,
2007; Poche et al., 2007). However, there is only a single horizontal
cell subtype that expresses Lim1 in this species, making it impossible
to analyze the issue of subtype speciﬁcation. Nevertheless, it is
noteworthy that conditional loss of Lim1 impaired horizontal cell
migration, while not affecting cell type differentiation (Poche et al.,
2007), suggesting that there is a stage-speciﬁc requirement for this
transcription factor in divergent developmental processes.
Overexpression of exogenous Isl1 promoted type II cell differ-
entiation, but not differentiation of type III cells, although it is
expressed in both of these horizontal cell subtypes. Thus, additional
factors must be required for the diversiﬁcation of these subtypes. In
the case of motor neurons, Isl1 activity is dependent upon the
presence of Lim3/Lhx3 and induces interneuron or motor neuron cell
fates in a context-dependent manner (Thaler et al., 2002). Several
factors are known to be expressed exclusively in type III cells,
including the neurotrophin receptor, TrkA (Fischer et al., 2007). It
will be interesting to determine whether these factors can regulate
further diversiﬁcation of horizontal cell subtypes together with Isl1
expression.
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